Abstract-Automotive radars operate in challenging environments that include objects with similar position and speed as well as objects with diverse positions and velocities. Automated driving requires the radar to discriminate close objects and also to accurately estimate the position of the objects in the field-of-view. Doppler filtering is essential to fulfill this goal. In conventional automotive radars the Doppler processing has a fixed and predetermined filtering integration time and hence a fixed Doppler resolution. However, in this case, setting the Doppler resolution is a tradeoff between high resolution that enables discrimination of close objects and accurate estimation of their position. In this paper we develop a multi-resolution Doppler processing method that resolves this tradeoff. The performance advantages of multiresolution Doppler processing compared to the conventional fixed Doppler resolution are evaluated in an automotive scenario. It is shown that the multi-resolution Doppler processing attains better discrimination of close objects as well as more accurate position estimation of the objects.
I. INTRODUCTION
The automotive industry is developing vehicles with advanced active safety features as well as autonomous driving features, which will provide more secure driving and reduce the number of accidents on the roads. The automotive radar is a key sensor enabling these features and has a major role advanced technological vehicles of car manufactures.
Driving scenarios may include a relatively large number of crowded different objects with various kinematics, especially in urban environments. For example, the field-of-view (FOV) may include both static objects such as buildings and dynamic objects such as vehicles, bicycle riders and pedestrians moving at various velocities / directions. The automotive radar needs to detect all objects in its FOV and to accurately estimate the position and velocity of each one. These objects may often be in close proximity so that their position difference is below the range and angle resolution of the radar and therefore cannot be separated in position. The implications may be fatal. Having un-separable objects means that their reflections are overlapping, causing offsets in their position estimation [1] . Furthermore, when reflection intensity differences are large (e.g. pedestrian next to a vehicle), the high intensity object may mask the weak intensity object. Fortunately, objects that are in close proximity and cannot be separated in range or azimuth may still be separated by Doppler filtering, as discussed next.
The radar reflection Doppler frequency is given by
where f c is the carrier frequency, c is the speed of light, and θ is the angle between the object relative motion vector and the radial vector pointing from the object to the radar. The Doppler filtering resolution is the smallest Doppler frequency difference between two objects that are at similar positions that can still be separated by Doppler filtering such that the angle and range measurements of both objects are not overlapping one over the other, thus, with high enough Doppler resolution two objects at close proximity will not mask each other. Therefore, high Doppler resolution is essential for the automotive radar. Note that from (1) two targets at close proximity and same speed, v, can still be separated by Doppler since they will have different θ values due to their slightly different angles with respect to the radar. The Doppler resolution is inversely proportional to the Doppler filtering integration time. Hence, increasing that time enables better separation of close objects. However, the integration time is limited since the objects are moving. Having the integration too long results in inaccuracy of the object position estimation. In conventional automotive radars the Doppler integration time is pre-set to 25-50 msec, resulting in a Doppler resolution of 20-40 Hz [2] - [4] . This fixed integration time is set according to the fastest moving object in the FOV, which may have relative speed of 20-50 m/sec and therefore is moving between 1 to 2.5 meters during the integration time, causing position estimation inaccuracy of about 1-2.5m. This inaccuracy in position by itself is insufficient in some cases, but even more so, a Doppler resolution of 20 Hz cannot enable the separation of close proximity objects that have similar relative speeds, as will be shown in Section IV.
In this paper we develop a multi-resolution Doppler filtering method, and analyze its performance advantage for the automotive radar application. Unlike the conventional approach where the Doppler resolution is fixed and limited by the object with maximal velocity, in the multi-resolution Doppler filtering the Doppler resolution changes with frequency. It will be shown that for automotive radar scenarios, the multi-resolution filtering method attains more accurate position estimation of moving objects as well as significantly better separation between close objects, compared to the conventional Doppler filtering with fixed resolution.
II. SYSTEM MODEL
The automotive radar system that is considered in this paper is depicted in Fig. 1 . The radar has multiple transmit and receive antennas. In the transmitter, a sequence of linear frequency chirps is generated and up-converted to carrier frequency, f c . The transmitted signal is denoted by x(t) and is given by where T c is the single chirp duration, and
is the single chirp signal, with linear frequency slope of α. The automotive radar scene includes multiple objects at various ranges, angles and speeds. The received signal at each one of the receive antennas is multiplied with the transmitted signal reference, x(t), and filtered with a low pass filter (LPF) [5] .
The resulting base-band signal is denoted by y(t) and is given by
where η n are the AWGN noise samples, i is the chirp index, m is the reflection index, 
be the FFT result for the block index i, where the superscript index of the vector elements denotes the range bin index, and the subscript index denotes the FFT block index. Second, Doppler filtering is applied for each range bin separately over multiple vectors z i [6] - [8] . Let γ q,w be the range-Doppler filter output for the q range bin index and the w Doppler bin index. Third, Beamforming is applied on the array response per each range Doppler filtered output, γ q,w , resulting in a reflection intensity image with dimensions of range, Doppler and angle. Then in the fourth step, the objects are detected by running a constant false alarm detection algorithm (CFAR) [9] - [10] over the radar image. The objects range, Doppler and angle are estimated by the peaks in the radar reflection intensity image.
III. MULTI-RESOLUTION DOPPLER FILTERING
Next, we derive a multi-resolution Doppler filtering algorithm. Unlike the conventional approach, where all Doppler frequencies are filtered with the same integration time, in the multi-resolution approach each Doppler frequency has a different integration time. High speed objects are changing position rapidly and require a short integration time to accurately estimate their position and boundaries. Having a too large integration time for fast moving objects results in smear of the target's position. On the other hand, slow speed objects are changing position slowly and hence can be filtered with a longer integration time than faster ones. By realizing that the high speed objects have high Doppler frequencies while the low speed objects have low Doppler frequencies, we propose to have an integration time that is inversely proportional to the Doppler frequency. Thus the integration time increases as the Doppler frequency is lower. In the multi-resolution Doppler filtering, the Doppler spectrum is divided into K frequency bands (K bins), and a Discrete Fourier Transform (DFT) is applied to each bin with a different pre-configured integration time. The w-th Doppler DFT bin calculated for the q-th range bin is given by
where µ w = T f /T c is the integration samples for the w Doppler frequency bin index (assuming that µ w is an integer), T f is the integration time and T c is the chirp duration. We note that in the conventional automotive radar the Doppler filtering is performed by FFT of the sequence z
(assuming P is a power of 2). In this case, the number of integration samples, P , are fixed for all the Doppler frequencies and thus the Doppler resolution is the same for all frequencies. In the multi-resolution Doppler filtering the integration times per each Doppler frequency are preconfigured, their proper setting is essential and is discussed next. In order for the automotive radar to accurately estimate the objects position and boundaries the integration time needs to be set such that the dynamic vehicle position does not change significantly during the integration time. Denote by D the maximal tolerated distance change of the object within the integration time, and let v r be the object speed projected onto the radial direction (the vector pointing from the object to the radar). Therefore, we propose to set the Doppler integration time as
The Doppler frequency is given by
where f c is the carrier frequency, and c is the speed of light. By substituting (9) into (8) we obtain that the integration time for Doppler frequency f d is given by
As expected the Doppler filter integration time is inversely proportional to the Doppler frequency. In Fig. 2 we plot the integration time vs. Doppler frequency according to (10) for the automotive radar application, where f c = 77Ghz, the maximal relative speed is 300 kph and D = 1m. The integration time is truncated to 500 msec at low Doppler frequencies in order to limit the delay in target detection. For comparison, the 50 msec fixed integration time used for conventional automotive radar Doppler filtering is also plotted in the the dashed red line. Fig. 3 presents the Doppler resolution given by 1/T f , which correspond to the integration times in Fig. 2 . The Doppler resolution is a measure of the Doppler separability of close objects. The blue plot is the multi-Doppler resolution as a function of the frequency, and the red dashed plot is the conventional fixed Doppler resolution of 20 Hz. It is seen that the multi-resolution method can separate slow speed objects that have small Doppler difference of 5 Hz, while for objects with high speed the Doppler resolution reduces to few tenths of Hz, and by that enabling accurate positioning of the moving object with small positioning offset. 
IV. RESULTS AND DISCUSSION
We evaluated the performance of the proposed method with a 77Ghz automotive radar high fidelity ray tracing simulation. The complex surface of vehicles and motorcycle were simulated by many small polygons of size 5cm × 5cm. The simulated radar had linear frequency modulation (LFM) transmission, 1Ghz bandwidth, chirp duration of 32 usec, 1 TX antenna and 8 RX antennas at a standard (λ/2) uniform linear array layout (3dB angular beamwidth of approximately 14
• ). scene, the Doppler frequencies of both targets overlap and are inseparable. Fig. 9 shows the range-Doppler spectrum segment around vehicle 'C'. We see that it spreads less compared to Fig. 6 and has a more accurate range estimation. Fig. 10 shows the detection points (in Cartesian plane) obtained from processing the samples with the short integration time. Contrary to Fig. 7 , Motorcycle 'A' and vehicle 'B' are not separable due to the lower Doppler resolution, however, for vehicle 'C', the detection performance improved compared to Fig. 7 because it moved less during the short integration time.
The results in Figs. 5-10 demonstrates the fundamental tradeoff that is apparent in conventional Doppler processing with fixed integration time. The longer the integration duration, we obtain better target discrimination for low velocity targets but impair the position accuracy of high relative velocity targets. On the other hand, for short integration time we obtain better accuracy of the high speed target positions, but impair the ability to separate close objects. This tradeoff is resolved by multi-resolution Doppler processing as shown next.
Figs. 11-13 depict the results for the proposed multiresolution Doppler processing method with the integration times given in Fig.2. Fig. 11 show the range-Doppler spectrum around Motorcycle 'A' and vehicle 'B'. It is similar to Fig. 5 . Targets have low Doppler frequency, thus, selected integration time for them is approximately 290msec, which yields high Doppler resolution and separates them. Fig. 12 shows the range-Doppler spectrum around vehicle 'C'. Selected integration time for this object was 37msec, thus, the vehicle's position does not change much during that period and the range estimation is more accurate and less smeared compared to Fig. 6 . Lastly, Fig. 13 presents the radar detections derived from the multi-resolution method. It is apparent that the multiresolution method attains more accurate detections relative to the fixed Doppler processing shown in Fig. 10 and Fig. 7 .
V. CONCLUSIONS A multi-resolution Doppler filtering method for automotive radar was developed. It was shown that it can resolve the fundamental tradeoff between high Doppler resolution that enables separation of close targets and the accuracy of the target position estimation. The performance advantage compared to conventional processing with fixed Doppler filtering resolution was demonstrated in an automotive radar scenario. The multiresolution method achieved better object discrimination as well as better position estimation accuracy, which are both critical for automotive radar applications. 
